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Abstract
Kininogens, the precursors of bradykinins, vary extremely in both structure and function among different taxa of animals, in particular between
mammals and amphibians. This includes even the most conserved bradykinin domain in terms of biosynthesis mode and structure. To elucidate the
evolutionary dynamics of kininogen genes, we have identified 19 novel amino acid sequences from EST and genomic databases (for mammals,
birds, and fishes) and explored their phylogenetic relationships using combined amino acid sequence and gene structure as markers. Our results
show that there were initially two paralogous kininogen genes in vertebrates. During their evolution, the original gene was saved with frequent
multiplication in amphibians, but lost in fishes, birds, and mammals, while the novel gene was saved with multiple functions in fishes, birds, and
mammals, but became a pseudogene in amphibians. We also propose that the defense mechanism against specific predators in amphibian skin
secretions has been bradykinin receptor dependent. Our findings may provide a foundation for identification and structural, functional, and
evolutionary analyses of more kininogen genes and other gene families.
© 2007 Elsevier Inc. All rights reserved.Keywords: Kininogen; Evolutionary dynamics; Bradykinin; Gene structure; Gene duplication; Alternative splicingKininogens, the precursors of bradykinins, were first charac-
terized in 1937. Over the past several decades, more kininogens
have been identified in mammals [1–5] and other taxa, includ-
ing amphibians [6–17], fishes [18,19], and insects [20], in
which they have different structures and functions. In mammals,
there are three types of kininogens: high-molecular-weight ki-
ninogens (HKs), low-molecular-weight kininogens (LKs), and
T kininogens (TKs). The HKs and LKs are derived from a
single K gene with a combinatorial pattern of competing 5′
splice sites and alternative poly(A) tails (Fig. 1), while TKs are
encoded by T genes. The K and T kininogen genes exist ubi-
quitously in mammals and specifically in rats, respectively. The
T gene appears to have been created as a sidetrack evolutionary
product through duplication of the K gene after the divergence
of rat and mouse [21]. The mammalian kininogens, belonging to
class 3 of the cystatin superfamily, are made of single-chainAbbreviations: HK, high-molecular-weight kininogen; LK, low-molecular-
weight kininogen; TK, T kininogen; D1, D2, D3, D4, D5, andD6, domains 1 to 6.
⁎ Corresponding authors. Fax: +86 411 85827799.
E-mail addresses:mafei01@tsinghua.org.cn (F. Ma), liqw@263.net (Q. Li).
0888-7543/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygeno.2007.10.007plasma glycoproteins with multiple domains. There are four
common domains (D1–D4) and one differential domain (D5),
among HK, LK, and TK, and one specific domain (D6) found
only in HK. D1, D2, and D3 are homologous to cystatin. With a
highly conserved motif, QVVAG (not found in D1), D2 and D3
can inhibit cysteine proteases [22]. D4 contains a bradykinin
domain, RPPGFSPFR, which is released by the kallikrein–
kinin system and mediates a wide range of physiological
activities, including vasodilation, hypotension, smooth muscle
contraction, pain, and inflammation [23]. D5 and D6 contain the
binding sites for kininogens [24,25].
No mammalian plasma-like kallikrein–kinin system has
been found in the blood of amphibians [26]. On the other hand,
bradykinin-related peptides, which greatly differ from the
canonical mammalian bradykinin in primary structure, with
site substitution, truncation, and extension (at both the N-and
the C-terminus) [27], were isolated from amphibian skin se-
cretions. During the past few years, many cDNAs encoding
amphibian kininogens, most of which have multiple tandem
repeat sequences, including mature bradykinin plus a spacer
peptide, have been cloned from amphibian skins. Except for the
Fig. 1. (A) Schematic representation of two alternative splicing patterns of the mammalian K kininogen gene. The boxes, thick lines, and thin lines represent exons,
introns, and splicing patterns, respectively. Constitutive sequences existing in both mRNAs are gray boxes. Alternative sequences present in only one mRNA are
dotted boxes. The upper and lower splicing patterns generate HK and LK, respectively. (B) Schematic representation of the alternative splicing products of the
mammalian K kininogen gene. Figure is not drawn to scale.
130 L. Zhou et al. / Genomics 91 (2008) 129–141bradykinin domain, amphibian kininogens show little structural
similarity to their mammalian counterparts. Bradykinin-related
peptides are the main form of kininogens in amphibians [8],
unlike their precursors in mammals. Furthermore, bradykinin-
related peptides in various and even the same amphibian species
are not 100% identical. As the defense mechanism of the skin
plays an essential role in the survival of amphibians, which have
a worldwide distribution [28], differences in bradykinin-related
peptides from the skin of various amphibians may reflect
evolutionary adaptations to particular groups of predators. The
function of bradykinin-related peptides, however, has remained
obscure.
There are only a few reports regarding fish kininogens
(which were purified from the skin of Atlantic salmon, spotted
wolf fish, and Atlantic cod) with information on their molecular
masses, amino-acid sequences, glycan structures, isoelectric
points, and cystatin activities [18,19]. To date, only one in-
vertebrate kininogen has been cloned from wasp venom. The
insect kininogen is very short (only 55 amino acids) and differs
from most amphibian kininogens, with multiple copies of the
bradykinin domain, and mammalian kininogens, with cystatin
domains [20]. It may thereby serve as a good contrast for
exploring the evolution of the vertebrate kininogen gene family.
As described above, kininogens vary extremely among
different species, in particular between mammals and amphi-
bians. Based on their distinctions in structure, expression, and
existent form, Chen et al. [8] even proposed that mammalian
kininogens and amphibian skin probradykinins are not homo-
logous proteins in the biological sense. This view, however,
seems unjustified given the presence of the conserved bra-
dykinin domain. Because of their strong conservation in the
bradykinin domain, kininogens may provide a useful tool for
studying the phylogeny of vertebrates.
So far, evolutionary studies have focused mainly on mam-
malian kininogens [29,30], which may be due to the lack of data
for other species. Although amino acid sequences alone may be
used as markers for phylogenetic analysis, sometimes this may
not fulfill the need for particular cases (e.g., detecting new and
potentially very remote homologues and constructing phylo-
genies for proteins with limited similarity) [31]. Therefore othermarkers have been employed, especially combined amino acid
and gene sequences [32–39].
By combining data from EST and whole-genome databases
with previously known data, we have assembled the largest
collection of kininogens to date and employed combined amino
acid sequences and gene structures as phylogenetic markers for
phylogenetic analysis. The results presented below can provide
essential evidence for elucidating the evolutionary dynamics of
the kininogen gene family among vertebrates.
Results
Identification of new members of the kininogen family
In addition to verified sequences from the UniProt Knowl-
edgebase (UniProtKB) and [5], kininogen sequences were also
identified from The Institute for Genomic Research (TIGR) and
the Ensembl genome browser. After filtering, a total of 19 novel
sequences were identified from 16 species (mammals, 10; birds,
1; fishes, 8). Relevant information is listed in Supplementary
Table 1, which includes organism name, common name, da-
tabase origin, sequence identifier, and code name (see Sup-
plementary Document 1 for amino acid sequence with FASTA
format).
Phylogenetic analyses of kininogen proteins in vertebrates
To probe the evolutionary history of vertebrate kininogens, a
total of 57 amino acid sequences were used to construct the
phylogenetic tree. The topology of the resulting neighbor-
joining (NJ) tree (Fig. 2) revealed the evolutionary relationships
of vertebrate kininogens, and the high bootstrap values
supported both the precision of topology and the reliability of
predicted sequences. As expected, all kininogens may be un-
equivocally classified into two clusters, one (hereafter called
cluster I) including mammals, birds, and fishes and the other
(hereafter called cluster II) including only amphibians. In cluster
I, all kininogens are clustered in a pattern generally consistent
with the phylogenies of host organisms, except for HKs from
hedgehog, which should appear after the divergence of mouse
Fig. 2. Phylogenetic tree for 57 kininogen amino acid sequences based on the NJ method. Bootstrap values are indicated as percentages at the nodes. Mammal, bird,
fish, and amphibian clades are delineated by vertical brackets at the right. The code names rangu (Rana guentheri), ransc (Rana schmacker), ransa (Rana sakuraii),
ranpa (Rana palustris), amolo (Amolops loloensis), phyhz (Phyllomedusa hypochondrialis azurea), phyhy (Phyllomedusa hypochondrialis), physa (Phyllomedusa
sauvagei), bomva (Bombina variegata), bomor (Bombina orientalis), and bommx (Bombina maxim) are used for short in the amphibian cluster.
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Fig. 3. Comparison of the intron–exon boundaries of kininogens based on amino acid sequence alignment. Vertical lines indicate positions in which introns insert;
arrows attached to the lines represent phase 0 (none), 1 (up), or 2 (open) of introns and neglected intron (down). Each intron is given a letter designation, A–L,
according to its homologue.
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Fig. 3 (continued ).
133L. Zhou et al. / Genomics 91 (2008) 129–141and rat, and those from rabbit, which should be closer to mouse
and rat. Such minor discrepancies are common for phylogenetic
trees constructed with a single gene or protein because ofdifferences in evolutionary models of various gene families.
Cluster I can be further classified into two subclusters: cluster
Ia, including mammals and birds, and cluster Ib, including only
Fig. 3 (continued ).
134 L. Zhou et al. / Genomics 91 (2008) 129–141fishes. In cluster II, the amphibian kininogens may be further
classified into three clades, with relatively low bootstrap values
in several nodes, in a pattern consistent with families to which
they belong.Gene structure versus kininogen amino acid alignments
A total of 24 kininogen sequences from 16 species
(Supplementary Table 1) with clear intron–exon boundaries
Fig. 3 (continued ).
135L. Zhou et al. / Genomics 91 (2008) 129–141were used for gene structure analyses. Sequence alignment
(Fig. 3) suggested strong conservation in terms of both
position and phase of most introns, though some introns
were found only in certain mammals and birds (introns E, F,
G, and K) or fishes (introns A and L). Certain variations in
intron position that may be due to nearby indel or intron
sliding [40] were accepted. Notably, the position and phase of
introns in fugu have more variations than in other species.
There are only two nucleotides in its second and fourth introns
that are noncanonical. If both of the introns were converted
into exons, the phase of its fifth intron would be consistent
with the corresponding introns from other species, except that
there would be a premature terminal codon, by which there-
fore the fugu kininogen may be made a pseudogene. However,
considering the ubiquitous existence of kininogens in all other
studied fishes, the phenomenon described above seems most
likely due to an error of large-scale automated sequencing or
an erroneous shift of the open reading frame on automatic
annotation. Similar errors have been found by polymerase
chain reaction in other research [32]. Therefore, in fugu, we
omitted the second and fourth introns and changed the phase
of the fifth intron from 2 to 0 manually for subsequent
analyses.
Conservation of kininogens
Similar to these well-known ones, all newly identified
kininogens are possibly secreted proteins based on their similar
structures; thus, signal peptide sequences must be discarded
before such sequences may be used for conserved motif
analyses. Signal peptide data were obtained from published
works, UniProtKB and Ensembl genome browser. Notably,
data from different sources were not all consistent. To obtain
uniform data, all kininogens used were repredicted for signal
peptides by means of the SignalP 3.0 server based on the neural
network, which is more accurate than the hidden Markov model
[41]. Thereafter, signal peptide sequences were discarded andresidual amino acid sequences (Supplementary Document 2)
were used for conserved motif analyses.
Comparison of processed amino acid sequences using the
MEME system indicated a high level of conservation (see
Supplementary Table 2 and Fig. 1). All of the sequences shared
motifs comprising the characteristic domain (bradykinin and/or
bradykinin-like peptide domain) of kininogens; in some
amphibian sequences, they exist as multiple copies. Other
motifs are conserved more or less in some taxa of animals and
were used for classifying kininogens into different clusters.
To explore the conservation of kininogens further, residual
amino acid sequences of amphibians and other animals were
reanalyzed with the MEME system. Parameters were set the
same as above, except that the minimal and maximal motif
widths and the number of different motifs were defined as 9, 25,
and 10 for amphibian sequences and 6, 20, and 15 for other
sequences, respectively. In amphibian sequences (see Supple-
mentary Table 3 and Fig. 2), the number of motifs with
bradykinin and/or bradykinin-like peptide domain ranged from 1
to 8. According to the type and distribution of motifs, the
amphibian sequences were classified into three groups as
indicated by the topology of the phylogenetic tree. For the
remaining sequences (Fig. 4 and Table 1), in addition to motif 8
with the bradykinin domain, several other motifs, i.e., 1 with
cystatin domain, 2 (or 7), 3 (or 11), 4, 7, and 11, exist
ubiquitously in nearly all sequences. Particularly, inmammalian,
but not in opossum and bird, sequences, motifs 1, 2 (or 7), and 3
(or 11) are in two copies, probably generated by exon
replication. In HK sequences, motif 9, with multiple copies,
represents histidine-rich regions. Existence of motif 13 in both
HK and fish sequences indicates that fish kininogens are related
more closely to HK than to LK.
Structural diversity of amphibian bradykinins
As described above, amphibian kininogens exhibit enor-
mous differences in both structure and function from those of
Fig. 4. Type and distribution of conserved motifs discovered among kininogen amino acid sequences (without signal peptides) from mammals, birds, and fishes using the
MEME system. Each number represents a special motif. Repeated numbers in one sequence indicate that the motif represented by the number is present in multiple copies.
136 L. Zhou et al. / Genomics 91 (2008) 129–141other taxa. Bradykinin domains may also be variable in terms of
copy number and site in amphibian kininogens. Considering
their unique functions, some have suggested that structuralTable 1
Conserved motifs discovered among kininogen amino acid sequences (without
signal peptides) from mammals, birds, and fishes using the MEME system
Motif a Width Best possible match
1 20 QVVAGWNYRITYIIRQTNCS
2 20 GCPHPIPVDSPDLEPVLRHS
3 20 FNAENNHTFYFKIDEVKRAT
4 20 IKEGDCPVQSGKTWQDCDYK
5 20 VYMVPWENKIYPTVNCQPLG
6 20 RISVFSQTCDIYPGEDFVVT
7 20 QEIDCNDEDVFKAVDAALKK
8 15 MRRPPGWSPFRSVQV
9 15 HGLGHGHKHGHGWGH
10 15 WNAATGECTATVYMR
11 20 YNNMLKSGNQFVLYRITEAT
12 20 KESNEELTESCEINKLGQSL
13 20 TSPKCPGRPWKPVNWMNPTT
14 20 WIPDIQIEPNSLSFNLISDF
15 11 KENFLFLTPDC
aNumbers correspond to the motifs described in Fig. 4.diversity of bradykinins from amphibian skin secretions may be
related to defense against specific predators [8]. In this study,
we have extracted a total of 82 bradykinins from 22 kininogen
amino acid sequences of 11 amphibians (Supplementary
Document 3). The amino acid sequence logo representing the
alignment of 82 amphibian bradykinins (Fig. 5) intuitively illu-
minates comparative conservation of the nonapeptides, among
which the second, fourth, seventh, and ninth amino acid resi-
dues are strictly conserved and others showed certain variation,
but the consensus amino acid sequences are canonical, similar
to mammalian bradykinins.
Discussion
Difference in sequence from different databases
In this study, we have identified novel kininogen data from
several mammals, birds, and fishes and used the combination of
amino acid sequences and gene structures as a marker to explore
the phylogeny of kininogen genes in vertebrates. In the Ensembl
genome browser, we found sequences that are similar but
not strictly identical to H_kng1_rat, L_kng1_rat, H_kng1_cow,
Fig. 5. Sequence logo representation of all amphibian bradykinins. Each column of the alignment is represented by a stack of letters, with the height of each letter
proportional to the observed frequency of corresponding amino acid. The letters of each stack are ordered from most to least frequent, so the consensus sequence of
amphibian bradykinins is RPPGFSPFR. Red stars above the letters indicate strict conservation of amino acid residues, and as for the others, the amino acids under
positions 1, 3, 5, 6, and 8 are RLV, PAT, FL, ST, and FLW, ordered from most to least frequent, respectively.
137L. Zhou et al. / Genomics 91 (2008) 129–141L_kng1_cow, H_kng2_cow, and L_kng2_cow from the
SwissProt protein database. This may be caused by the usage
of different animal strains rather than errors of large-scale
automated sequencing, usually making a minor difference, with
the high degree of differences between the sequences from the
Ensembl genome browser and the SwissProt protein databases
taken into consideration.
The phylogenetic relationships of kininogens
To form a whole impression of the kininogen gene, a phy-
logenetic tree was constructed, and it showed that all kininogens
may be unequivocally classified into two clusters. Cluster I
includes mammalian, bird, and fish kininogens, and cluster II
includes amphibian kininogens. The amphibians should be
located between fish and birds according to classical interpreta-
tions of the origin of species. The functions of amphibian and
other kininogens are different in many aspects, too. These results
weakly indicate that the kininogens from cluster I are out-
paralogous, as defined by Sonnhammer and Koonin [42], to
those from cluster II in the vertebrate lineage. In cows and mice,
there are two kininogen K genes that may have originated
through gene duplication [43]. No evidence has been found for a
second kininogen K gene in other mammalian genomes;
therefore, whether the case of duplication is ubiquitous should
be tested further.
The evolutionary trends of positions and phase of introns of
kininogen genes
Among all analyzed kininogens, five introns have conserved
positions and intron phases, while another seven introns (A, B,
E, F, G, K, and L) differed to some extent. Intron A (fish-
specific) exists only in all fish kininogens studied, except for
kng_zebrafish, suggesting that it may have inserted after the
divergence of zebrafish and the other four fishes. Position and
phase of intron B are conserved except that, in kng_fugu and
kng_tetraodon, the phase was converted from 0 to 1 through
intron sliding prior to the divergence of fugu and tetraodon
(which belong to the same order, Tetraodontiformes, and
diverged only 18–30 million years ago [44]). The unique
existence of introns E, F, and G in mammalian and avian
kininogens, but not in any fish sequences, seems to suggest that
these introns were not simply inserted but rather originated
through other mechanisms. Intron K (located in the alternativesplicing region) exists only in LK and TK. Considering the
alternative splice of the kininogen K gene in mammals, the
phenomenon represented here moderately supports the notion
that the sequences next to the first poly(A) tail of the K gene
were fused there after the speciation of mammals. Then the
potential 5′ splice site is functionalization, because there is a
corresponding 3′ splice site and a poly(A) tail in the new fused
sequences. After that constitutional splicing, the kininogen K
gene was converted into an alternative splicing gene. Intron L
exists only in kng_tetraodon, suggesting it was inserted here
after the divergence of fugu and tetraodon.
The evolution of kininogen domains
We analyzed the conserved motifs of fish, bird, and mam-
malian kininogens and amphibian kininogens using the MEME
system with different settings. Compared with those of birds
and other mammals, H_kng_opossum features unique losses
and substitutions of motifs, together with variants in intron
positions. These may have resulted from evolution on different
continents after the divergence of marsupial and eutherian
lineages some 180 million years ago.
As shown in Fig. 4, motifs 1, 2 (or 7), and 3 (or 11) have two
copies in birds and mammals, but only one in fishes, suggesting
that these copies arose through tandem exon duplication events.
Thus introns E, F, and G in the new sequences may well have
arisen from H, I, and J in the old sequences through the same
event. However, we failed to find any relationship between the
two groups of introns. This may be a result of less evolutionary
pressure in intron sequences than in exon sequences. Cystatin
domains exist in the regions of both new and old sequences,
suggesting that the increase in the number of them happened
prior to the appearance of mammals and birds. Multiple copies
of motif 9 with histidine-rich regions exist only in HK, sug-
gesting that they were inserted here at the same time point as
cystatin domains and supporting the idea that they arose by gene
multiplication from smaller units, possibly from the dipeptide
Gly-His [30]. This scenario also suggests that the processes of
gene multiplication are independent but not descended in
various species since there is no obviously increased trend
throughout the evolution of species. Gene multiplication always
leads to a new function of inhibition of cell adhesion [45]. In the
Ensembl kininogen family, we found kng_western_clawedfrog
with structure similar to avian and mammalian kininogens.
However, a report by Conlon and Yano [26] showed that the
138 L. Zhou et al. / Genomics 91 (2008) 129–141kallikrein–kinin system may be absent from amphibians;
therefore, the newly identified kininogen may well be a pseudo-
gene. Although there are histidine-rich regions in its COOH-
terminal amino acid sequence, this kininogen has only two
cystatin domains and vast variants in bradykinin domain.
However, it has 10 exons and 9 introns with the gene structures
similar to those of avian and mammalian kininogens. Owing to
rapid accumulation of recurrent mutations, pseudogenes will
generally degenerate [46]. We presumed that kng_western_
clawedfrog had three cystatin domains and a canonical
bradykinin domain originally. After it became a pseudogene, it
lost some characteristics of the amino acid sequence, but with
gene structure conserved [47]. Now it seems more likely that the
duplication of cystatin domains and the insertion of histidine-
rich regions occurred after the divergence of fishes and
amphibians.
As suggested by analysis of the conserved motifs of amphi-
bian kininogens (see Supplementary Table 3 and Fig. 2), the
numbers of bradykinin and/or bradykinin-like peptide domains
in an amino acid sequence can range from 1 to 8. The multiple
tandem repeat domains may have arisen as a result of exon
duplication events occurring at transcription/translation [11].
Chen et al. [8] proposed that mammalian kininogens and
amphibian probradykinins are not homologous proteins, with
which we cannot agree. First, apart from the conserved brady-
kinin domain, the minor structural similarity between mamma-
lian and amphibian kininogens seems to suggest that they have
different functions. This phenomenon is also seen in other
protein families, e.g., cold shock proteins [48]. Second, while
mammalian bradykinins act only on the animals themselves,
amphibian bradykinin, secreted by skin granular glands, also
influences predators. Furthermore, as multifunctional plasma
proteins, mammalian kininogens must maintain their intact
form to function normally. By contrast, amphibian kininogens
are single-function proteins functioning through bradykinin
domains. Thus, to generate the appropriate forms, there must
be multiple bradykinin and/or bradykinin-like peptide domains
in a single amphibian kininogen to allow for the needed
splicing. Herein, we believe outparalogous proteins are the most
proper relationship between mammalian and amphibian kini-
nogens. Subsequently, tBlastN with default settings was used to
screen the genomic sequences of fishes, birds, and mammals
using amphibian kininogen sequences of single copies as
queries, but no relative sequences were identified. That result
indicates that the amphibian-like kininogens were lost outside
of amphibians.
The evolutionary diversities of bradykinin in amphibians
To explore the evolutionary processes of amphibian original
kininogen gene, we analyzed its bradykinin structures. The
primary structural diversity found among amphibian skin
bradykinins may reflect a degree of predator-mediated selection
[8]. Different bradykinin receptors are preferentially activated
by different bradykinin isoforms. Conlon [27] also suggested
that the defense mechanism against specific predators may be
bradykinin receptor dependent. Namely, different bradykininscan selectively bind to receptors from specific predators,
through which amphibians may protect themselves from
being eaten. Analysis of the primary structural diversity of
bradykinins had found that, in the nonapeptides of bradykinin,
the second, fourth, seventh, and ninth amino acid residues are
strictly conserved, while there are some variants in others. We
propose that, in the process of bradykinin binding to its relative
receptor, the conserved residues mediate binding and the variant
amino acid residues mediate site specificity. For amphibian
kininogens, the primary structural diversity of bradykinins
reflects a high degree of transcriptional economy as products
from a single transcription/translation event can defend against
a variety of predators [15].
Conclusions
In summary, our results may provide essential clues for
elucidating the evolutionary dynamics of vertebrate kininogen
genes (Fig. 6). In wasp, which is an invertebrate, the original
kininogen gene encodes 55 amino acids with only one brady-
kinin domain. In fishes, in addition to the original kininogen
gene, there exists a novel kininogen gene, which is paralogous
to the original one and contains the coding regions of two
cystatin domains and one bradykinin domain. After the diver-
gence of fishes and amphibians, the original kininogen gene
was lost in fishes but had undergone multiplication accom-
panied by minor variations of coding regions of the bradyki-
nin domain in amphibians (exo duplication events). The novel
amphibian kininogen gene acquired the coding regions of a
cystatin domain and histidine-rich regions (insertion events).
However, it became a pseudogene after those events and largely
degenerated. In birds, the original kininogen gene was lost but
the novel copy was saved. In mammals, the original kininogen
gene was lost, while the novel copy became fused with a
segment of sequences and converted into an alternative splicing
gene. In some species, mutation events such as insertion and
slide of introns, exon multiplication, and gene duplication,
accompanied the whole evolutionary processes. These dis-
coveries would provide a foundation for further research on
kininogen genes and gene families alike.
Materials and methods
Identification of kininogens
All sequences were obtained from the UniProtKB (release 10.4; http://www.
expasy.uniprot.org/), consisting of SwissProt and TrEMBL protein databases,
TIGR (Rockville, MD, USA; http://www.tigr.org/), and the Ensembl genome
browser (Wellcome Trust Genome Campus, Hinxton, Cambridge, UK; http://
www.ensembl.org/), except for the whale kininogen sequences, which have not
been submitted to any database, from [5]. A search for kininogen amino acid
sequences was performed using kininogen, preprobradykinin, and bradykinin-
like as keywords to maximize the number of hits.
To identify novel sequences, tBlastN with default settings was used to screen
every vertebrate of Gene Indices in TIGR using variable kininogen amino acid
sequences (from UniProtKB) as queries. All mammalian queries produced
similar tBlastN results because of the strong sequence similarity among
mammalian kininogens, while no hit was produced when amphibian kininogens
were queried. More kininogen sequences were extracted from Ensembl
kininogen family (family ID ENSF00000004367, release 44, April 2007).
Fig. 6. Hypothetical evolutionary pathway of vertebrate kininogen genes. Boxes represent sequences encoding bradykinin domain (gray), cystatin domain (white), and
histidine-rich regions (black). Dotted box represents fused segment with the 3′ splice site and poly(A) tail, which converted the kininogen K gene into an alternative
splicing gene (Fig. 1). See text for detailed description. Figure is not drawn to scale.
139L. Zhou et al. / Genomics 91 (2008) 129–141Following the primary search, partial sequences and potential pseudogenes were
excluded and some predicted sequences were manually edited according to
previously verified sequences.
Sequence alignments and phylogenetic analyses
Collected kininogen amino acid sequences were aligned with ClustalX 1.81
[49] using default settings but identity matrix for protein weight matrix. Result
of multiple alignments was converted into mega format and directly imported to
MEGA 3.1 [50] for constructing phylogenetic trees. A NJ tree was constructed
based on pair-wise deletion of gaps/missing data and the p-distance matrix of
amino acids model with 1000 bootstrap replicates.
Gene structure analyses
Alternative splicing of the mammalian kininogen K gene produces two
isoforms. The same part of K becomes exons in HK but introns in LK. To
represent all spliced introns, introns of kininogen genes were redefined based
on alignments of ORF sequences of HK and LK with genomic sequences of the
K gene. Gene structures including intron–exon boundaries and intron phases
were then obtained from the Ensembl genome browser. For kininogen se-
quences from the Ensembl kininogen family, gene structures were obtained
from automatic annotation results with similar manual edition. For the re-
mainders, kininogen amino acid sequences were used as queries to screen
the corresponding genome database in the Ensembl genome browser through
tBlastN with default settings.
To study gene structure, the kininogen amino acid sequences of mammals,
birds, and fishes were realigned with ClustalX 1.81 using identity protein weight
matrix with other default settings. Position and phase of introns were compared
through multiple sequence alignments. Intron phase was set as 0 when the intron
splits two consecutive codons, 1 if an intron locates between the first and the
second codon nucleotides, and 2 if it locates between the second and the third
codon nucleotides, as described in [33].
Prediction of signal peptide and motif analyses
Signal peptides of all kininogens were predicted online through the SignalP
3.0 server [38] using the neural network method with default settings. After
discarding the signal peptide sequences, conserved motif analyses were per-
formed online using the MEME system version 3.5.4 [51] with default settings,
except that the distribution of motif occurrences, the minimal and maximal motifwidths, and the number of different motifs were defined as any number of
repetitions, 6, 30, and 15, respectively.
Variant sites analyses of bradykinin domain in amphibians
Bradykinins and similar peptides were manually located in amphibian kini-
nogens according to their known structures. Although all known bradykinin-
related peptides comprise bradykinin or bradykinin-like peptide extended from
its N-terminus or C-terminus by an amino acid residue segment [14], only the 9
most conserved residues were used for the detection of variant sites, since
sequences in common are often in charge of similar functions. The sequence logo
for all nonapeptide alignments was generated online using WebLogo version
2.8.2 [52] with default settings.
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